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Abstract:
Aims:
The paper analyzes the effectiveness of tuned liquid damper in controlling the vibration of high rise building. The new contribution is considering
the fluid-structure interaction of a water tank as a Tuned Liquid Dampers (TLD).
Background:
Currently, buildings are being built higher and higher, which requires TLDs to be larger as well. Therefore, the fluid pressure acting on the tank
wall is more significant. In previous studies of liquid sloshing in TLDs, researchers simply ignored the effect of liquid pressure acting on the tank
walls by making the assumption that the tanks are rigid. Currently, the failure of a tank because of FSI occurs regularly, so this phenomenon cannot
be ignored when designing the tanks in general and TLDs in particular.
Objective:
To investigate the thickness of the tank wall affect to the TLD mechanism.
Method:
Numerical method was used for this research.
Results:
A TLD could be easy to design; however one could not bypass the fluid-structure interaction by assuming the tank wall is rigid.
Conclusion:
This kind of damper is very good to mitigate the dynamic response of structrure.
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1. INTRODUCTION
In  general,  a  Tuned  Liquid  Damper  (TLD) constitutes a
*  Address  correspondence  to  this  author  at  Ho  Chi  Minh  City  University  of
Technology and Education, Faculty of Civil Engineering, 01 Vo Van Ngan street,
Thu Duc dist, Ho Chi Minh City, Viet Nam; Tel: 903044230;
E-mail: tuongbpd@hcmute.edu.vn
tank filled with liquid that relies on the sloshing of that liquid
to dissipate vibration energy (Fig. 1). This device bears many
advantages,  including  its  low  cost,  ease  of  installation  and
infrequent  need  for  maintenance.  TLDs  can  be  applied  to
almost any type of structure, for example, high-rise buildings,
towers and  chimneys,  including  an  existing  structure  [1, 2].
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Fig. (1). Mechanism of a building equipped with a TLD and a schematic of liquid inside a TLD tank.
A TLD operates according to the mechanism wherein a water
tank is designed to have a natural frequency similar to that of
the  structure  that  needs  to  be  controlled.  Resonance  occurs
based on this principle; the resultant sloshing of liquid inside
the  tank  helps  change  the  dynamic  characteristics  of  the
structure. Moreover, the liquid pressure inside the TLD acts on
the  tank  wall  and  swings  the  building  back  to  its  original
equilibrium position.  However,  this  pressure  from the  liquid
could  also  damage  a  flexible  tank  due  to  Fluid-Structure
Interaction (FSI), which should not be ignored for very large
TLDs.
In  previous  studies  on  sloshing  liquids  in  TLDs,  resear-
chers simply ignored the effect of the liquid pressure acting on
the  tank  walls  by  assuming  that  the  tanks  are  rigid  [3  -  6].
Currently, tanks regularly fail because of FSIs; conseq- uently,
this  phenomenon cannot be ignored when designing tanks in
general  (or  when  designing  TLDs  in  particular).  One  of  the
first studies on the influence of the FSI on the working ability
of TLDs was conducted by Gradsincak [7, 8]. Because of the
complexity in solving the coupling equations at the tank-liquid
interface, very few numerical studies have simulated both the
fluid  and  the  structure  in  a  single  calculation  model  while
considering the FSI to investigate the role of this interaction in
designing  TLD  liquid  tanks  [9  -  11].  Eswaran  recently
conducted  studies  on  the  damping  capacity  of  TLDs  for
multistory buildings [12, 13]; the interaction phenomenon was
taken  into  account  with  an  FSI  analysis  algorithm  by
combining semi-experiments to investigate a three-story steel
frame under dynamic loads with and without the use of a TLD
as a damping device.
In  another  recent  investigation,  Zhu  et  al.  [14]  used  the
Real-Time Hybrid Simulation (RTHS) method to demonstrate
the performance of a 9-story building using a Modified TLD
(MTLD) as a seismic resistance device while examining how
the  interaction  between  the  structure  and  soil  affects  the
working efficiency of the TLD. Chang et al. [15] investigated
an MTLD by analytical and experimental testing; the MTLD
utilized a rotational spring system at its base, and therefore, the
swaying  structure  experienced  combined  horizontal  and
rotational  motions.  In Chang’s study,  the RTHS method was
employed to verify the most important parameters of the TLD,
including  the  dimensional  rotational  stiffness  parameter,
frequency ratio and damping ratio. The FSIs of TLDs were also
analyzed through calculations of the sloshing pressure acting
on  the  tank  wall,  where  the  tank  served  as  a  damper;  these
types of TLDs have an internal baffle to increase the inherent
damping, thereby improving the device performance [16]. Guo
et al. [17] analyzed the vibration reduction of a cantilever beam
with an interior sloshing absorber,  and Ansys was applied to
simulate the dynamic beam suppression load. Furthermore, Fu
et al. [18] investigated the damping performance of a new type
of  TLD  composed  of  a  tuned  mass  damper  and  a  liquid
sloshing  damper  to  reduce  the  vibration  of  a  structure.
Subsequently,  Xu et  al.  [19]  optimized and utilized a  device
comprising  a  tuned  mass  damper  combined  with  a  TLD  to
control structural vibrations.
2. METHOD
This  paper  analyzed  two  kinds  of  multistory  structures
subjected to harmonic and seismic loadings with and without a
TLD.  In  this  study,  the  effects  of  FSIs  on  the  specific
characteristics  of  the  tank,  as  well  as  the  effects  of  the  fluid
pressure  acting  on  the  tank  wall,  were  analyzed.  Then,  the
effectiveness  of  the  TLD  was  investigated  in  cases  using  a
flexible tank and a rigid tank. In addition, the flexibility of the
tank  wall,  the  moments  in  the  structure,  and  the  top
displacements  of  the  structure  were  considered.  For  this
purpose,  a  numerical  method  was  used  with  commercial
software to model the structure and investigate the thickness of
the  tank  wall  to  describe  the  relations  of  rigid  and  flexible
TLDs.
2.1. The FSI in a TLD
A TLD is a passive damper device that relies on shallow
liquid  sloshing  within  a  tank  to  suppress  the  horizontal
structural vibrations induced by wind or other dynamic loads.
The  previous  research  assumed  that  the  tank  wall  is  rigid  to
bypass  the  FSI  between  the  sloshing  liquid  and  the  tank,
thereby  ignoring  the  complexity  of  solving  the  coupling
equations at the liquid-wall interface. However, in recent years,
computing  technology  has  been  improved  and  thus  can
consider the failure of tanks due to frequent sloshing. On one
hand, the TLD mechanism based on the resonance frequency of
a  sloshing  liquid  helps  promote  the  maximum  ability  of  the
TLD; on the  other  hand,  this  mechanism changes  the  TLD’s
dynamic properties through the fluid-tank wall interaction. The
main problem in studying the FSI, in this case, is solving the
boundary condition at the tank walls. Fig. (2) shows how the
sloshing of a liquid could damage a flexible tank.
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Fig. (2). (a) The FSI and (b) sloshing damage to the upper shell of a flexible tank (courtesy of the University of California at Berkeley) [20].
Modern buildings are being built  of  considerably greater
heights, requiring TLDs to become larger in turn. As the size of
the TLD increases, the fluid pressure acting on the tank wall
becomes more significant to the point where it is impossible to
consider the tank wall to be rigid [9, 10]. For example, the 58-
story  Comcast  Center  (Fig  3)  in  Philadelphia,  USA  (300  m
high),  employed a  very  large  1100_m3  water  tank as  a  TLD.
Hence,  the  volume  of  liquid  inside  the  tank  is  too  large  to
ignore the FSI phenomenon by assuming that the tank wall is
rigid.
2.2. Analysis Method for the Tank-Fluid System
In  the  liquid  domain,  the  hydrodynamic  pressure
distribution  is  governed  by  the  pressure  wave  equation.
Assuming that (1) the volume of the tank is small, (2) the water
is  incompressible  and  has  a  negligible  viscosity,  and  (3)  the
velocity  of  the  pressure  wave is  infinite,  then,  the  motion of
water is written as [10]:
(1)
where P(x,y,t) = hydrodynamic pressure.
From [11],  the liquid pressure in eq.(1) is determined by
ground  excitations  of  the  walls  and  bottom  of  the  tank.  The
motion of these boundaries is related to the liquid pressure via
the boundary conditions. For ground excitations, the boundary
condition at the tank wall-liquid interface can be described as:
(2)
Fig. (3). The 58-story Comcast Center with a TLD containing up to 1100 of water [22].
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Fig. (4). The liquid and structure domains of a water tank.
where ρ = density of the liquid and an = acceleration of the
tank wall’s boundary along the direction as shown in Fig. (2a).
For the rigid tank shown in Fig. (4), the acceleration on the
right side of eq. (2) is the ground acceleration, but for a flexible
tank,  this  term  serves  as  the  ground  acceleration  plus  the
relative acceleration of the flexible tank wall. Considering the
small-amplitude gravity force of the sloshing liquid on the free
surface, the resulting boundary condition is given as [11]:
(3)
where  y  =  vertical  direction  and  g  =  gravitational
acceleration.
Ignoring the effects of this gravity force leads to the free
surface boundary condition, which is appropriate for the impul-
sive  motion  of  the  liquid.  The  related  governing  equation  is
given as eq. (3):
(4)
where Hl = height of liquid in the tank.
Using finite-element discretization and the discretized for-
mulation  of  eq.  (4),  the  fluid  equation  can  be  written  as
follows:
(5)
in which:
(6)
where  Ni  =  mode  shape  of  the  ith  node  in  the  liquid
element;   =  acceleration  vector  of  nodes  in  the  structure
domain;   =ground  acceleration  vector  subjected  to  the
structure;  and   =  coupling  matrix.  le  and  Ae  represent  the
integrations over the side and area of the element, respectively.
In eq.(5),  and  are constants, while the force vector 
, pressure vector , and its derivatives are variable quantities.
In the fluid-structure coupling equation, the pressure is exerted
on the interface as external loads on the tank walls. The general
fluid-structure equation can be written as:
(7)
where  [M],  [C]  and  [K]=  mass,  damping  and  stiffness
matrices of the structure, respectively, and [C’] = the damping
parameter  of  the  liquid  matrix.  This  damping  parameter
depends  on  the  viscosity  of  the  fluid  and  on  the  wave
absorption in the liquid domain and along its boundaries. The
matrix [Q] transforms the liquid pressure on the tank wall and
the  structural  acceleration  into  the  liquid  domain.  With  two-
node  interface  elements  with  x  and  y  transitional  Degrees  of
Freedom (DOFs) at each node on the surface of the tank and
the corresponding two-node interface elements with a pressure
DOF at each node attached to the fluid elements, the coupling
matrix is expressed in eq. (8) as:
(8)
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where Nf and Ns = shape functions in the fluid and structure
domains, respectively. Additionally, η and β are the direction
cosines of the nodes of the surface element on the wet face of
the  tank.  The  direct  integration  scheme  is  used  to  find  the
displacement  and  hydrodynamic  pressure  at  the  end  of  time
increment  i+1,  given  the  displacement  and  hydrodynamic
pressure  at  i.  The  Newmark-β  method  is  used  in  which
   
can be written as follows in
eq. (9) as:
(9)
It  is  difficult  to  find  the  eigenvalues  of  large  matrices.
Many studies have addressed this problem; accordingly, Ansys
can  be  used  to  simulate  the  liquid  domain  and  the  main
structure  [9  -  11,  18  -  21].  The  natural  frequencies  and
amplitudes of the sloshing liquid are selected to emphasize the
importance of the FSI. The tank’s wall, columns and beams are
modeled by “Beam3” elements, and the liquid is modeled by
“Fluid  79”  elements.  The  FSI  is  achieved  by  coupling  the
displacements  of  the  liquid  and  tank  walls  in  the  direction
normal to the tank walls.
2.3. The Effect of the FSI on the Natural Frequency
In previous studies, researchers assumed a rigid tank and
ignored the thickness of the tank walls. Nevertheless, the wall
thickness  affects  the  characteristics  of  the  water  tank,
especially its natural frequency. To clarify this point, four types
of tanks with different tank wall thicknesses, t, were analyzed
to  find  their  natural  frequencies,  and  then  the  results  were
verified  by  comparing  them  with  the  findings  of  previous
studies  on  rigid  tanks  conducted  by  Sun  et  al.  [5],  Sun  [6]
Fujino and Sun [1], and Fujino et al. [2]. Afterward, the natural
frequency  of  a  flexible  tank  was  obtained  by  the  numerical
method to show the difference between the cases with rigid and
flexible tanks as well as the importance of the FSI. The tanks
have dimensions of T0.59 × 0.03 (i.e., the tank width is 0.59 m,
and  the  liquid  height  is  0.03  m,  similar  to  the  experimental
tanks used in [1, 2, 5, 6]), T1.00 × 0.10, T3.00 × 0.20 and T6.00
× 0.50. The natural frequency of a tank is expressed as [1]:
(10)
where 2a = length of the tank and Hl = height of liquid in
the tank.
The natural frequencies of the four tanks introduced above
are  shown  in  Fig.  (5),  and  the  results  show  good  agreement
with those obtained from eq (5,6). Moreover, the figure shows
that  a  flexible  tank  wall  remarkably  affects  the  natural
frequency. In this research, the relation between a flexible tank
and a rigid tank can be denoted by ψ,  a flexibility parameter
that depends on the thickness of the tank wall, the liquid height
and the liquid modulus:
(11)
where  ttabnk  is  the  thickness  of  tank  wall,  and  hliquid  is  the
height of liquid in the tank.
Table 1 shows that the natural frequencies of the rigid tank
from  the  analytical  solution  in  eq.(10)  and  the  numerical
method  considered  FSI  are  consistent.  To  understand  the
relationship  between  the  rigid  and  flexible  tank,  the  wall
thickness of the tank varied from zero to infinity. The results
show  that  the  flexible  tank  wall  greatly  affects  the  natural
frequency as shown in Fig. (5).
Fig.  (5)  illustrates  the  relationship  between  the  natural
frequency and the flexibility of the tank wall.  The maximum
frequency of a tank is the natural frequency of the rigid tank.
Fig. (5) shows that the tank is rigid when ψ exceeds 100 (ψ ≥
100); otherwise, the tank is flexible. Thus, the thicker the tank
wall,  the  higher  the  frequency  of  the  TLD.  The  flexibility
parameter  ψ  can  help  the  TLD  design  engineer  to  easily
identify  the  rigid  tank.
2.4. The Effect of the FSI on the Sloshing Amplitude
To  clearly  ascertain  the  effect  of  the  FSI  on  the  liquid
sloshing  amplitude,  a  numerical  example  is  considered.  The
rectangular concrete tank shown in Fig. (6) has dimensions of
6.0 m×1.0 m×0.5 m×t (tank length, tank height, liquid height
and wall thickness, respectively) and has an applied harmonic
load  of   with  .  The  properties  of  the
concrete  are  as  follows:  ,  ,  and
. The mass of the structure is 2894.1 kg. From eq. (10),
,  and  from numerical  analysis,  .
Based on the flexibility parameter ψ given in eq. (11), this tank
is rigid when .
Table 1. Natural frequency of the water tank by the analytical solution and FEM with ψ = 100.
Natural Frequency of Rigid Tank
T0.59 × 0.03 T1.00 × 0.10 T3.00 × 0.20 T6.00 × 0.50
Analytical FEM Analytical FEM Analytical FEM Analytical FEM
0.458 0.458 0.316 0.314 0.236 0.233 0.186 0.185
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Fig. (5). Natural frequencies of four different water tanks.
Fig. (6). Tank with dimensions of 6.0 m×1.0 m×0.5 m×t- under a harmonic load.
Fig. (7). (a) Sloshing amplitude in the nearly rigid tank and (b) flexible tank.
The  tank  is  subjected  to  harmonic  loading  
with  and  . The sloshing can be expressed
as shown in Figs. (7a and 7b). It is clear that when the tank is
rigid or nearly rigid (ψ ≥ 100), the sloshing amplitude is app-
roximately the same (Fig. 7a), and the amplitude in the flexible
tank is much greater than that in the rigid tank (Fig. 7b).
 
  
(a) Tank dimensions of 0.59 0.03T #  (b) Tank dimensions of 1.00 0.10T #  
  
(c) Tank dimensions of 3.00 0.20T #  (d) Tank dimensions of 6.00 0.50T #  
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Fig.  (7a  and  7b)  show  that  the  FSI  is  important  in  tank
design  for  two  reasons:  (1)  the  FSI  leads  to  a  change  in  the
dynamic properties of the tank, and the natural frequency of the
TLD can be easily adjusted by increasing or reducing the tank
wall thickness. (2) Under the same load, the sloshing amplitude
in the flexible tank is higher than that in the rigid tank. This
implies that a flexible tank carries more load than a rigid tank;
thus, when designing a TLD, the flexibility should be checked
by the parameter ψ  to protect  the stability of the tank.  Many
tanks fail because of a rigid tank wall assumption, especially
under dynamic loads.
3.  NUMERICAL ANALYSIS  OF TLDS CONSIDERING
THE FSI
The dynamic response of a high-rise building subjected to
a harmonic or seismic loading can be controlled by many types
of damper devices. A TLD is a passive system that it does not
require  any  external  power  to  be  operational  [23,  24].  How-
ever, the FSI phenomenon can affect the mechanism of a TLD,
thereby changing the characteristics of the tank, especially its
natural frequency, and can deactivate the device. Thus, the FSI
should not be neglected when designing a TLD by assuming
that the tank walls are rigid. In recent years, two methodologies
have  been  commonly  implemented  to  analyze  the  FSI  in  a
TLD.  (1)  The  first  is  the  semi-experimental  method,  an
example of which is the RTHS technique [14, 15, 21]. In the
RTHS  method,  only  the  critical  components  (i.e.,  the
experimental  substructure)  are  tested  physically,  while  the
remaining parts (i.e., the analytical substructure) are modeled
numerically  on  a  computer.  These  two  substructures  are
synchronized and coupled in real-time through an integration
algorithm. (2) The second is the numerical method, that is, the
application of Ansys, to model the structure [9, 17, 18, 25]. In
this  study,  Ansys  V.11  was  used  to  analyze  multistory
structures  in  the  following  two  sections  to  investigate  the
seismic resistance of TLDs. The first section presents the main
concepts in designing a water tank as a damper device, and the
second section shows the TLD’s capacity and emphasizes the
importance of the FSI.
3.1. TLD Design for a 14-Story Building
The  TLD  design  for  a  steel  building,  70  m  high  under
harmonic  and  seismic  loadings,  is  illustrated  in  Fig.  (8a).  El
Centro  earthquake  data  were  used  to  analyze  the  seismic
resistance  of  the  building,  and  the  numerical  model  of  the
building is  shown in  Fig.  (8b).  The Newmark-β  method was
used to predict the sloshing of the liquid and the deformation of
the top of the building. The building has 14 stories, with each
story of 5 m height, and one span is 3 m in length. All of the
beam  and  column  sections  are  the  same,  and  the  tank
dimensions  are   with  ,
 and  .  The  mass  of  the  structure  is
.
The  TLD  was  designed  based  on  Yu’s  work  [4]  and
Ashasi’s  study  [21];  that  is,   and
.  Two  conditions  can  be  described  as
follows:
(12)
where  bt  and  hf  are  the  tank  width  and  liquid  height,
respectively.  The  liquid  in  the  TLD  is  water  with
  and  .  From  eq.(12),
with two equations and two unknowns, we obtained bt ≈ 1.2 m
and  hf  =  0.5  m.  Then,  the  natural  frequency  of  the  TLD
following (10) was fTLD = 0.749 Hz. The building was subjected
to  harmonic  loading  of
 
 with  load
frequencies ranging from 0 to 1.2 Hz in addition to the loading
of the El Centro earthquake with and without the use of a TLD
to suppress the structural vibration. Figs. (9 and 10) show the
responses of the structure with and without a TLD. In Fig. (9),
the deformation at the top of the building decreased by a factor
of four (from 0.073 m to 0.00189 m) when using a TLD, and
resonance occurred at an exciting frequency of f = 0.94 Hz with
the TLD.
Fig. (8). (a) A 14-story building with a TLD and (b) the simulated model of a structure with a TLD.
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Fig. (9). Dynamic responses of the structure with and without a TLD.
Fig. (10). Structure subjected to the El Centro earthquake loading with and without a TLD.
Fig.  (10)  shows  that  the  TLD  helps  mitigate  seismic
vibration by up to 82.35% (0.217 m to 0.0383 m). This result is
in good agreement with the work of Ashasi [21].
In addition, the moments in the left column of the structure
with  a  TLD  (1128  kNm)  are  less  than  those  without  a  TLD
(1533 kNm), as shown in Fig. (11), with a reduction of nearly
26.4% (Fig. 11).
Fig. (11). Moments in the left column of the structure under the El Centro earthquake loading.
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3.2. The Effectiveness of the TLD and the Effect of the FSI
In this section, an 8-story steel building is considered that
has one span 3.0 m in length, and each story is 3.0 m in height,
with   and . The mass
of  the  structure  is  .  The  fundamental
frequency  of  the  structure  is  ,  and  the  other
modes of the natural frequency are shown in Table 2.
The frequency-domain analysis was carried out to identify
the  response  vibrations  of  the  structure  with  frequencies
ranging from 0 to 1 Hz. The maximum response vibration of
the structure without a TLD was 1.89 m at the frequency f  =
0.29 Hz, being equal to the natural frequency of the structure.
The TLD was designed by the same process as described
for  the  example  shown  in  section  3.1  to  suppress  dynamic
vibrations, and the TLD selected had dimensions of LTLD × hliquid
=  2.0m  ×  0.2m,   and
. The thickness t of the
tank  varied  to  investigate  the  effectiveness  of  the  FSI.  The
thickness t of the tank wall was separated into two types: rigid
and flexible. Fig. (12a) describes the response vibration of the
building with  a  nearly  rigid  TLD;  ψ  ≥  100 reduced by 50%,
and resonance occurred at f = 0.29 Hz, which is the same as the
natural frequency of the building. However, as shown in Fig.
(12b), resonance occurred uncontrollably and at an undefined
value.  Thus,  the  flexibility  of  the  TLD  must  be  considered
during the design process.
The  seismic  resistance  of  the  structure  with  a  TLD
subjected  to  the  El  Centro  earthquake  loading  was  further
analyzed.  The  Newmark-β  method  was  utilized  to  track  the
sloshing liquid and top displacement  of  the 8-story building.
When the structure was subjected to the seismic loading, the
TLD got activated, and the liquid sloshing exhibited oscillatory
behavior, as shown in Fig. (13).
Table 2. Natural frequency modes of the structure.
Natural frequency Hz
Mode 1 Mode 2 Mode 3 Mode 4
0.2985 0.89582 1.5681 2.3326
Fig. (12). Dynamic responses at the top of a building with (a) a nearly rigid tank and (b) a flexible tank.
Fig. (13). Liquid sloshing and top displacement of the building.
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Fig. (13) shows that the liquid sloshing occurs in a phase
opposite to that of the structural vibration; this represents the
mechanism  of  the  TLD  illustrated  in  Fig.  (1).  This  liquid
pressure inside the TLD acted on the tank wall and brought the
building back to its equilibrium position. Moreover, the TLD
helped reduce the top displacement by 66.14% (from 0.576 m
to 0.195 m), as shown in Fig. (14).
However,  various  top  deformations  were  observed  with
different  tank  thicknesses,  as  illustrated  in  Fig.  (15),  the
thickness of the tank wall proved to be effective in controlling
the  seismic  resistance.  A  rigid  TLD (thickness  t  >  0.005  m)
helps to reduce the vibration better than a flexible TLD.
To  illustrate  the  seismic  resistance  capacity  of  the  TLD
more clearly, the moments in the columns of the building are
illustrated in Fig. (16a and 16b) for the cases with and without
a TLD. The use of a TLD can reduce the moment in a column
from  50  to  75%;  this  finding  is  in  good  agreement  with  the
findings shared by Sun et al. [5], Sun [6] and Fujino and Sun
[1] and Fujino et al. [2] who performed an experiment in 1989.
From  Fig.  (16),  it  is  easy  to  recognize  that  a  TLD
significantly helps control the structural vibration . The flexible
tank  affects  the  internal  column’s  moment  (10%  in  the  left
column to 35% in the right column). However, the impact of
the  liquid  pressure  on  the  tank  wall  is  much more  important
and could cause the water tank to fail before the building can
swing back to its equilibrium position. This could constitute the
topic of a future study: the deformation of the tank wall needs
to  be  verified  experimentally,  and  multiple  TLDs  could  be
used.
Fig. (14). Top displacement of the building without and with a rigid TLD (tank wall thickness t = 0.005 m).
Fig. (15). Top building displacement with a flexible TLD.
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Fig. (16). Moments in the left (a) and right (b) columns of the building under seismic loading.
4. RESULTS AND DISCUSSION
This study analyzes the natural frequency of four types of
tanks and compares the results with the previous research [1, 2,
5,  6].  From  past  studies,  the  fluid-structure  interaction  was
ignored  and  the  wall  tank  was  considered  rigid  [11,  26].
However,  investigations  carried  out  in  this  research
demonstrated  that  wall  flexibility  has  a  major  effect  on  the
seismic behavior of the liquid tanks and should be considered
in their design [9, 10]. Also, this study investigated the below
two points: (a) the characteristics of the TLD considering FSI
(natural frequency in Fig. (5) and sloshing in water tank during
earthquake in Figs. (7 and 13), and b) the vibration control of
the structure subjected to harmonic and seismic loading with
and without TLD.
With  the  rigid  or  near  rigid  TLD,  the  natural  frequency,
sloshing and dynamic response of the structure are similar to
that  of  the  FSI  as  shown  in  Figs.  (5,  7a,  12a,  15  and  16).
However,  when  the  tank  wall  is  relatively  thin,  the  FSI
phenomenon affects remarkably the performance of the TLD
(Fig. 15). Especially, the deformation of a water tank as TLD
could  lead  to  the  failure  of  the  tank  [20].  In  this  case,  the
damper  is  inactivated  during  the  earthquake  and  should  be
taken  into  consideration  when  designing  TLD.  For  the
selection of the thickness of the tank wall, the engineer could
use the flexibility parameter as shown in equation (11).
TLD helps mitigate vibration of the structure significantly
as shown in Figs. (10 and 11) (for 14-story building) and Figs.
(15  and  16)  (for  8-story  building).  Also,  TLD  significantly
reduces the top displacement of the structure. The flexible tank
also  affects  the  internal  column’s  moment  (10%  in  the  left
column  to  35%  in  the  right  column).  However,  the  liquid
pressure impact on the tank wall is much more important. This
could lead to the failure of the water tank before the building
can swing back to the balance position. The deformation of the
tank  wall  needs  to  be  verified  by  the  experiment  and  Multi
TLD (MTLD) could be used to avoid the FSI phenomenon.
CONCLUSION
A TLD can be designed easily, as described in sections 3.1
and  3.2,  by  adjusting  the  size  of  the  tank  and  the  height  to
which  the  liquid  is  filled  inside.  Moreover,  TLDs  can  be
applied to almost any structure. The vibration at the top of a
building subjected to a dynamic load can be reduced by up to
82.35%  with  a  TLD.  In  summary,  a  TLD  is  a  very  good
damping device for controlling structural vibrations. However,
the  FSI  cannot  be  ignored  when  designing  TLDs,  as  this
phenomenon remarkably influences the effectiveness of a TLD.
Thus,  it  is  not  safe  to  assume a  rigid  tank  when  designing  a
TLD.  The  impact  of  the  liquid  pressure  on  the  flexible  tank
increases when considering the FSI phenomenon, which is very
important  and  must  be  considered  carefully.  The  FSI  can
change the dynamic properties of the water tank, rendering the
TLD  ineffective  [9  -  11].  In  this  regard,  the  flexibility
parameter  could  help  engineers  choose  an  appropriate  tank
thickness  for  either  a  rigid  TLD or  a  flexible  TLD.  When  a
TLD  is  operational,  there  is  no  difference  in  the  building’s
internal  forces  between  a  rigid  tank  wall  and  a  flexible  tank
wall,  as  shown  in  Figs.  (16a  and  16b).  Therefore,  the
recommendation is  that  a  TLD should be designed to have a
rigid wall to avoid tank deformation due to the FSI.
In the 14-story building considered in this  study,  the top
displacement under harmonic loading reduced significantly up
to 74.1% (from 0.073 m to 0.0189 m),  as  shown in Fig.  (9);
similarly, the top displacement under seismic loading reduced
by up to 82.35% (from 0.217 m to 0.0383 m), as shown in Fig.
(10). The moment in the columns of the building reduced from
1533 kNm to 1128.4 kNm (26.4%), as shown in Fig. (11).
In  the  8-story  building  without  a  TLD  subjected  to
harmonic  loading,  the  dynamic  response  of  the  structure
reached 1.89 m when resonance occurred. Fig. (12) illustrates
that the TLD is remarkably effective in controlling the dynamic
structural vibration. The nearly rigid TLD in Fig. (12a) helped
mitigate the structural vibration response from 1.89 m to 0.673
m (64.39%);  meanwhile,  the  flexible  TLD in  Fig.  (12b)  was
not observed to be as effective as the rigid TLD, as it reduced
the  top  displacement  by  only  0.256  m  (equal  to  a  13.54%
reduction). The reason for this discrepancy was that the natural
frequency of the TLD with a flexible tank wall was not equal to
that of the structure, and thus, the device was not active when
the  building  was  subjected  to  either  harmonic  or  seismic
loading.  When  the  8-story  building  was  subjected  to  the  El
Centro  earthquake  loading,  the  dynamic  response  of  the
building  without  a  TLD  was  0.576  m.  With  the  rigid  TLD
(t=0.005 m),  the  corresponding reduction reached 66.14% to
0.195  m,  as  shown  in  Fig.  (14),  but  the  vibration  mitigation
performance of the structure with a flexible TLD in Fig. (15)
was  not  as  good  as  with  the  use  of  a  rigid  TLD.  The  top
displacement reduced by only 44.64% (t=0.0012 m) or 60.71%
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(t=0.0011 m), and the TLD did not activate when the tank wall
was 1.0 mm (t=0.001 m). This constitutes another reason why
the FSI should be considered in the TLD design.
CONSENT OF PUBLICATION
Not applicable.
AVAILABILITY  OF  DATA  AND  MATERIALS
The  data  sets  used  and/or  analysed  during  this  study  are
with the corresponding author  and can be made available  on
request.
FUNDING
None.
CONFLICT OF INTEREST
The  authors  declare  no  conflict  of  interest,  financial  or
otherwise.
ACKNOWLEDGEMENTS
The authors appreciate all the employees at the Earthquake
Laboratory  for  access  to  the  laboratory  at  Ho  Chi  Minh
University  of  Technology  and  Education.  Any  opinions,
findings, conclusions and recommendations expressed herein
are of authors.
REFERENCES
Y. Fujino, and L.M. Sun, "Vibration control by Multiple Tuned Liquid[1]
Dampers (MTLDs)", J. Struct. Eng., vol. 119, no. 12, pp. 3482-3502,
1993.
[http://dx.doi.org/10.1061/(ASCE)0733-9445(1993)119:12(3482)]
Y. Fujino, B. Pacheco, P. Chaiseri, and L.M. Sun, "Parametric studies[2]
on  Tuned  Liquid  Damper  (TLD)  using  circular  containers  by  free
oscillation experiment", JSCE, vol. 398, pp. 1-10, 1988.
[http://dx.doi.org/10.2208/jscej.1988.398_177]
J-K. Yu, T. Wakahara, and D.A. Reed, "A non-linear numerical model[3]
of the tuned liquid damper", Earthquake Eng. Struct. Dynam., vol. 28,
no. 6, pp. 671-686, 1999.
[http://dx.doi.org/10.1002/(SICI)1096-9845(199906)28:6<671::AID-E
QE835>3.0.CO;2-X]
J.K.  Yu,  Non-Linear  Characteristic  of  Tuned  Liquid  Damper,  PhD[4]
Thesis., University of Washington, Seattle, Washington., 1997.
L.M. Sun, Y. Fujino, B. Pacheco, and M. Isobe, "Nonlinear waves and[5]
dynamic  pressures  in  rectangular  Tuned  Liquid  Damper  (TLD)",
JSCE, vol. 6, pp. 81-92, 1989.
L.M. Sun, Semi-Analytical Modelling of Tuned Liquid Damper (TLD)[6]
with  Emphasis  on  Damping  of  Liquid  Sloshing,  PhD  Thesis.,
University  of  Tokyo,  Tokyo,  Japan.,  1992.
M. Gradinscak, Liquid Sloshing in Containers with Flexibility, PhD[7]
Thesis., Victoria University, Australia, 2009.
M. Gradinscak, Liquid Sloshing in Containers with Flexibility: Tuning[8]
Container  Flexibility  For  Sloshing  Control.,  LAMBERT Academic
Publishing: Saarbrücken, Germany, 2012.
A.R.  Ghaemmaghami,  M.R.  Kianoush  and  O.  Mercan,  "Numerical[9]
modeling of dynamic behavior of annular tuned liquid dampers for the
application in  wind towers  under  seismic  loading",  J.  Vib.  Control,
vol. 22, no. 18, pp. 3858-3876, 2015.
A.R. Ghaemmaghami, and M.R. Kianoush, "Effect of wall flexibility[10]
on  dynamic  response  of  concrete  rectangular  liquid  storage  tanks
under  horizontal  and  vertical  ground motions",  J.  Struct.  Eng.,  vol.
136, no. 4, pp. 441-445, 2010.
[http://dx.doi.org/10.1061/(ASCE)ST.1943-541X.0000123]
A.R. Ghaemmaghami, Dynamic Time-History Response of Concrete[11]
Rectangular  Liquid  Storage  Tanks.,  Doctor  of  Philosophy  in  the
program of Civil Engineering, Ryerson University, 2010.
M.  Eswaran,  and U.K.  Saha,  "Maity  effect  of  baffles  on a  partially[12]
filled cubic tank: Numerical simulation and experimental validation",
Comput. Struc., vol. 87, no. 3, pp. 198-205, 2009.
M.  Eswaran,  S.  Athul,  P.  Niraj,  G.R.  Reddy,  and  M.R.  Ramesh,[13]
"Tuned  liquid  dampers  for  multi-storey  structure:  Numerical
simulation  using  a  partitioned  FSI  algorithm  and  experimental
validation",  Sadhana,  vol.  42,  no.  4,  pp.  449-465,  2017.
F.  Zhu,  and  J-T.  Wang,  "F,  Jin  and  L-Q,  Lu,  “Real-time  hybrid[14]
simulation of full-scale tuned liquid column dampers to control multi-
order modal responses of structures", Eng. Struct., vol. 138, pp. 74-90,
2017.
[http://dx.doi.org/10.1016/j.engstruct.2017.02.004]
Y.  Chang,  A.  Noormohamed  and  O.  Mercan,  "Analytical  and[15]
experimental  investigations  of  Modified  Tuned  Liquid  Dampers
(MTLDs)",  J.  Sound  Vibrat.,  vol.  428,  pp.  179-194,  2018.
[http://dx.doi.org/10.1016/j.jsv.2018.04.039]
M. Marivani, and M.S. Hamed, "Evaluate pressure drop of slat screen[16]
in an oscillating fluid in a tuned liquid damper", Comput. Fluids, vol.
156, pp. 384-401, 2017.
[http://dx.doi.org/10.1016/j.compfluid.2017.08.008]
T.  Guo,  Y.  Ye,  and  G.  Li,  "On  the  key  parameters  of  an  interior[17]
sloshing absorber for vibration suppression", Int. J. Struct. Stab. Dyn.,
vol. 15, no. 1, 2015.1450076
[http://dx.doi.org/10.1142/S021945541450076X]
L. Fu, T. Guo, and G. Li, "Investigation on damping performance of[18]
new type oscillator-liquid combined damper", Int. J. Mech. Sci., vol.
135, pp. 53-62, 2018.
[http://dx.doi.org/10.1016/j.ijmecsci.2017.11.018]
X.  Xu,  and  T.  Guo,  G,  Li,  G.  Sun,  B.  Shang  and  Z.  Guan,  "A[19]
combined  system  of  tuned  immersion  mass  and  sloshing  liquid  for
vibration suppression: Optimization and characterization",  J.  Fluids
Structures, vol. 76, pp. 396-410, 2018.
[http://dx.doi.org/10.1016/j.jfluidstructs.2017.10.011]
K. Praveen, "Simple procedure for seismic analysis of liquid-storage[20]
tanks", Struct. Eng. Int., vol. 3/2000, pp. 197-20, 2000.
A.  Ashasi-Sorkhabi,  H.  Malekghasemi,  A.  Ghaemmaghami,  and  O.[21]
Mercan, "Experimental investigations of tuned liquid damper-structure
interactions in resonance considering multiple parameters", J. Sound
Vibrat., vol. 388, pp. 141-153, 2017.
[http://dx.doi.org/10.1016/j.jsv.2016.10.036]
K.  Rai  Nishant,  Water  as  energy  absorber  to  control  the  seismic[22]
response  of  the  structure,  PhD  Thesis.,  Bhabha  Atomic  Research
Centre, Mumbai, India., 2013.
N.G.  Pnevmatikos,  and  G.  Hatzigeorgiou,  "Seismic  design  of  steel[23]
frames equipped by control devices", Open Cons. and Build. Tech. J.,
vol. 8, no. Suppl 1: M10, -3092014.300
[http://dx.doi.org/10.2174/1874836801408010300]
H. Mingxin, "Application of vibration damping technology in high rise[24]
building", TOCBTJ, vol. 9, pp. 131-134, 2015.
Y. Hongyuan, C. Jianyun, and Xu. Qiang, "Sloshing characteristics of[25]
Annular Tuned Liquid Damper (ATLD) for applications in composite
bushings", Struct Control Health Monit, 2018.e2184.
A. James, Liggett Fluid mechanics., International Editions Mc-Graw[26]
Hill, 1994.
© 2019 Tuong et al.
This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International Public License (CC-BY 4.0), a copy of which is
available at: (https://creativecommons.org/licenses/by/4.0/legalcode). This license permits unrestricted use, distribution, and reproduction in any medium, provided
the original author and source are credited.
